Locomotion of microorganisms plays a vital role in most of their biological processes. In many of these processes, microorganisms are exposed to complex fluids while swimming in confined domains, such as spermatozoa in mucus of mammalian reproduction tracts or bacteria in extracellular polymeric matrices during biofilm formation. Thus, it is important to understand the kinematics of propulsion in a viscoelastic fluid near a no-slip boundary. We use a squirmer model with a time-reversible body motion to analytically investigate the swimming kinematics in an Oldroyd-B fluid near a wall. Analysis of the time-averaged motion of the swimmer shows that both pullers and pushers in a viscoelastic fluid swim towards the no-slip boundary if they are initially located within a small domain of "attraction" in the vicinity of the wall. In contrast, neutral swimmers always move towards the wall regardless of their initial distance from the wall. Outside the domain of attraction, pullers and pushers are both repelled from the no-slip boundary. Time-averaged locomotion is most pronounced at a Deborah number of unity. We examine the swimming trajectories of different types of swimmers as a function of their initial orientation and distance from the no-slip boundary.
I. INTRODUCTION
Locomotion is an essential survival strategy for many microorganisms, as it is vital for many biological processes, including but not limited to nutrient uptake, reproduction, and escape from predators. Most of these processes occur in the low Reynolds number regime due to the small size of the organisms and the highly viscous nature of their fluid environment. In the absence of inertia, swimming strategies are different from those in larger scales where locomotion can occur by transferring momentum to the surrounding fluid. Microorganisms have developed certain propulsion strategies to not only overcome but also exploit the most dominant force at low Reynolds numbers, namely, viscous drag. Locomotion strategies in the low Reynolds number regime and the factors affecting them have attracted interest for many years [1, 2] . Most previous studies in this area have focused on the physics of locomotion in Newtonian fluids. However, the biological processes that microorganisms experience in their natural habitats often take place in complex fluids that exhibit elastic properties due to the presence of biopolymers. Some examples are swimming of spermatozoa in the female reproductive tract, biofilm formation, and ciliary transport of respiratory mucus. Hence, it is important to understand the effect of viscoelasticity on the locomotion and hydrodynamic performance of microorganisms. To this end, recent studies have focused on bio-locomotion in unbounded complex fluids.
Lauga [3] showed that, independent of the constitutive equation, the swimming velocity of an infinite waving sheet in a viscoelastic fluid is smaller than its Newtonian counterpart. Fu et al. [4] reported a similar retarding effect of fluid elasticity on the locomotion of an infinitely long beating cylinder. For an undulating sheet of finite size and amplitude, different * sxh364@psu.edu results were found by Teran et al. [5] . They showed that the swimming velocity and mechanical efficiency increase with Deborah number (De) (peaking for De 1) due to the highly strained fluid aft of the swimmer. For a torque-free cylindrical version of Taylor's sheet, Dasgupta et al. [6] showed that, depending on the fluid rheology, swimming speed can either increase or decrease compared to that in a Newtonian fluid. Liu et al. [7] experimentally found an increase in the swimming speed of a force-free helical flagellum in a Boger fluid compared to that in a Newtonian fluid, with the effect of elasticity being most pronounced at De 1. The numerical results of Spagnolie et al. [8] have shown a similar behavior for helices of large pitch angle, whereas for small helical pitch angles with large filament radius, they predicted a reduction in swimming speed compared to the Newtonian counterpart. Three-dimensional numerical simulations of spherical swimmers with tangential surface deformation show a general reduction of propulsion speed in a viscoelastic fluid compared to that in a Newtonian fluid [9] . Overall, these studies suggest that the effect of elasticity on locomotion at low Reynolds numbers can qualitatively vary depending on the geometrical and rheological factors, and further studies are required to obtain more conclusive results.
In addition to the elasticity of the surrounding fluid, the presence of confining boundaries also affects locomotion of microorganisms, and the long-range effects cannot be generally ignored [1, 2] . Most previous studies of confined bio-locomotion have been focused on the motion through a Newtonian fluid [10] [11] [12] [13] [14] [15] . These studies conclude that, at low Reynolds numbers, swimmers tend to get attracted to no-slip surfaces due to a hydrodynamic interaction that causes the microorganism to swim towards its image in the no-slip surface [16] [17] [18] [19] . Other interesting dynamics such as circular swimming of E. coli near a no-slip boundary have also been observed [20, 21] . Using a multipole representation of a swimming organism, Spagnolie and Lauga [22] investigated the effect of boundaries on the swimming trajectory for different geometrical factors. Crowdy and Or [23] used an approximate analysis to examine the dynamics of a twodimensional swimmer with a tangential surface velocity near a wall. Crowdy [24] later removed the approximation by using the Lorenz reciprocal theorem, and recovered the same swimming dynamics [25, 26] . In both studies, attraction to the wall due to hydrodynamic interactions, as well as nonlinear periodic swimming orbits, were observed. Crowdy's results were obtained for a treadmilling swimmer with a boundary condition corresponding to a microorganism with no thrust, for which no propulsion is expected in isolation.
Given the ubiquitous nature of propulsion in complex fluids near boundaries, it is important to investigate the combined effects of viscoelasticity and confinement on swimming of microorganisms. The purpose of this work is to study the kinematics of a self-propelled microorganism near a no-slip boundary in a viscoelastic fluid. We use a two-dimensional squirmer model first introduced by Blake [27] , where a swimmer is propelled by imposing a tangential velocity on its surface. Biologically, this resembles the metachronal beating of cilia on the surface of microorganisms such as Volvox. Although the two-dimensional assumption is made for simplicity, previous studies have shown that two-dimensional models are capable of capturing the underlying physics of swimming [23, 24, 28] .
By adopting a periodic gait, most microorganisms generate a periodic flow field that fluctuates around a mean value. Understanding their time-averaged swimming dynamics is our primary interest. Our mathematical approach is inspired by the recent work of Lauga [29] who considered the timeaveraged locomotion of a deformable swimmer in a complex fluid in an unbounded domain. Notably, the time-averaged approach allowed him to analyze the problem without any constraints on the value of the Deborah number. In order to determine the kinematics in a viscoelastic fluid near a wall, the corresponding flow field generated by the swimming microorganism within a Newtonian fluid is required. Blake solved for the flow field generated by a two-dimensional swimmer in an unbounded fluid [27] . Here, we solve for the Newtonian flow field generated by a two-dimensional swimmer with time-reversible tangential surface motion near a no-slip boundary. Due to the reversibility of the swimmer's surface motion in time, Purcell's scallop theorem predicts zero time-averaged locomotion in a Newtonian fluid [30] . In an Oldroyd-B fluid, however, the results of our time-averaged analysis show that neutral swimmers always swim towards the wall, whereas both pushers and pullers move towards the wall only if they are initially positioned close enough to the wall. Outside of this "attraction" layer, pullers and pushers are repelled from the no-slip surface. The size of the "attraction" layer depends on the type of swimmer, as well as the swimmer's initial position and direction of the thrust.
We begin by introducing the system geometry and swimming model. We then present the perturbation analysis and the viscoelastic constitutive model used to solve for the time-averaged kinematics of locomotion in a viscoelastic fluid. Finally, we present and discuss the results of the perturbation analysis.x 
II. MATHEMATICAL MODEL
The system geometry consists of a two-dimensional (2D) cylindrical swimmer of radius R with its central axis positioned a distance d from an infinite planar no-slip boundary. The swimmer moves with translational velocity U oriented at an angle φ to the positivex axis, and rotates with angular velocity . A schematic of the system geometry is shown in Fig. 1 .
A. Swimmer model
Here, we study a swimmer that propels itself via an imposed tangential surface motion with no surface deformation. This so-called "squirmer" model is widely used to describe the self-propulsion of a microorganism with metachronal beating of cilia on its surface. In this model, the small radial displacements of cilia are neglected so that the shape of the swimmer remains unchanged, withx =x s 0 describing the undeformed (cylindrical) surface of the swimmer, S 0 , in a moving reference frame at the center of the swimmer. The instantaneous position of a material point,x s , on the surface of a squirmer is then given bŷ
where 1 is a small dimensionless parameter describing the amplitude of tangential oscillations of the surface [27] and all symbols with carets over them represent dimensional quantities. As is common practice [31] [32] [33] , truncating Blake's original boundary condition [27] -which is an infinite sumto include only the first two modes then yieldŝ
whereβ n (t) (n = 1,2) are periodic functions of time with frequency ω [both taken to be ∝ R sin(ωt) here for simplicity], θ is the cylindrical polar angle measured from the positivê x axis (Fig. 1) , and φ is the polar angle characterizing the orientation of the swimmer's thrust.
The Lagrangian body motion described by Eqs. (1) and (2) leads to a tangential surface velocityû s which, in the swimmerfixed frame, can be expressed aŝ
whereB n = dβ n /dt (n = 1,2). In an unbounded domain, the first coefficient,B 1 , sets the swimming speed while the second coefficient,B 2 , does not affect the swimming speed in the Stokes regime and merely sets the mixing generated by the swimmer as a result of the motion of its cilia. In the following sections, we shall show that in the presence of a no-slip boundaryB 2 also contributes to the swimming speed in the Stokes regime. The sign of β =B 2 /B 1 determines the swimmer type. For β > 0, thrust is generated in front of the microorganism, called a puller (such as Chlamydomonas), whereas for β < 0, thrust is generated behind the body and the swimmer is called a pusher (such as E. coli).
As a result of the imposed tangential surface velocity, the swimmer moves with translational and rotational locomotion velocitiesÛ andˆ , respectively. Hence, in the laboratory frame, the velocity on the surface of the swimmer is given byû
In this paper, we use a perturbation analysis to determine the time-averaged kinematics of locomotion of a squirmer with a surface velocity described by Eq. (4) in an otherwise quiescent viscoelastic fluid. In what follows, R and ω −1 have been used as the characteristic length and time scales, respectively, and μω has been used as the characteristic scale for stress, where μ is the fluid viscosity which can be considered as a sum of solvent and polymeric contributions μ s and μ p , respectively.
III. ANALYSIS
In the absence of inertial effects, the dimensionless governing equations are the Stokes equation (∇ · σ = 0) along with the continuity equation for an incompressible flow (∇ · u = 0), where u is the velocity field, σ is the total stress tensor defined as σ = −p I + τ , and p and τ denote the pressure and the deviatoric stress tensor, respectively. With as the perturbation parameter, all dimensionless field variables, as well as U and , are written as regular perturbation expansions of the following forms:
The deviatoric stress tensor, τ , is related to the rate of strain tensor, E = ∇u + ∇u T , through a constitutive equation. In this work, we use the Oldroyd-B model, also known as the convected Jeffrey model, which is a single-relaxation-time constitutive relation with shear-rate-independent viscosity. We chose this constitutive model because, despite its simplicity, it is capable of explaining experimental measurements up to moderate values of Deborah number [34] . The dimensionless form of the Oldroyd-B model for a polymeric fluid can be written as
where
denotes the upper-convected derivative of tensor a, λ = λ 2 /λ 1 is the ratio of the fluid's retardation and relaxation times λ 2 and λ 1 , respectively, and De = λ 1 ω is the Deborah number.
Leading-order solution
In order to find the leading-order contribution to the swimming velocity, we start with the O( ) contribution to Eq. (8), namely
Using Fourier transforms is a convenient approach for solving this differential equation because of the time-periodic nature of the surface motion. Since u s 1 ∝ cos(t), the only nonzero Fourier modes are ±1. Therefore, the solution to Eq. (9) in the Fourier domain can be written as
where G = (10) indicates that the solution at O( ) is the same as that for a Newtonian fluid in which the time-averaged locomotion is expected to be zero [35] .
The leading-order contribution to the kinematics of locomotion (U 1 and 1 ) can be determined by applying the Lorentz reciprocal theorem in the form
where S 0 represents the fixed (i.e., time-independent) surface of the swimmer characterized with an outward unit normal vector n 0 , and u and σ are the velocity and stress fields for an auxiliary problem with the same geometry. The auxiliary problem selected here is the low-Reynolds-number solid-body motion of a cylinder next to a wall in a Newtonian fluid, with translational velocity U and rotational velocity [25] . Using the known solution for the auxiliary problem, applying boundary condition (4) on S 0 at O( ) (i.e., u 1 
, and requiring the swimmer to be force-free and torque-free, Eq. (11) can be simplified to
where F and L are the force and torque exerted on the cylinder in the auxiliary problem, respectively, and the O( ) surface velocity u s 1 (t) is given by Eq. (3).
043002-3
The leading-order translational and rotational velocities resulting from the solution of Eq. (12) are given by
where U 1,x and U 1,y represent the longitudinal and transverse components of the swimming velocity U 1 and
These results are the same as those for a swimmer in a Newtonian fluid. In particular, for a swimmer with a steady body motion andB 1 = 0 (β → ∞), the kinematics of locomotion predicted by Eq. (13), are identical to the results reported by Crowdy [24] for a 2D treadmilling squirmer near a wall in a Newtonian fluid. Recognizing that u s 1 = 0, where · · · denotes time-averaging over one period of the swimmer's time-reversible surface motion, we arrive at U 1 (t) = 1 (t) = 0, consistent with the prediction of Purcell's scallop theorem for time-averaged swimming of a time-reversible swimmer in a Newtonian fluid.
Second-order solution
The dimensionless time-averaged stress tensor at O( 2 ) can be written as
where [u 1 ] accounts for the nonlinear stress terms arising from the presence of polymeric liquid. The time-averaged solution at O( 2 ) and the solution of the auxiliary problem satisfy the equality
Integrating this equality over the volume V 0 outside the swimmer, applying the divergence theorem to the left-hand side, and substituting the definitions of the total stress tensor from Eq. (16) and σ = −p I + E into the right-hand side (RHS) of Eq. (17) yields
where the contribution of the Newtonian stress tensor on the RHS is canceled by the stress terms of the auxiliary problem. Applying boundary condition (4), as well as the force-free and torque-free conditions for a squirmer, at O( 2 ) reduces 
where v(x) (with its corresponding rate of strain tensor E) is defined as the amplitude of the O( ) velocity field, i.e., u 1 (x,t) = v(x) cos(t). Thus, evaluating [u 1 ] requires knowledge of the flow field at O( ), i.e., the Newtonian flow field, which was bypassed earlier by using the Lorentz reciprocal theorem to find the O( ) contribution to the kinematics of locomotion. Calculation of the leading-order solution for the flow field is presented in the Appendix. Using the O( ) flow field and the results of Jeffrey and Onishi [25] for the auxiliary force and torque in Eq. (19) , the dimensionless time-averaged locomotion velocities at O( 2 ) are found to be
where i (β,κ,φ) (i = 1,2,3) are the components of the dimensionless integral on the right-hand side of Eq. (19).
IV. RESULTS AND DISCUSSION
As shown in the previous section, the time-averaged locomotion of a 2D squirmer with time-reversible surface motion near a no-slip boundary in a viscoelastic fluid occurs at O( 2 ). In this section, the time-averaged kinematics of locomotion are presented for different types of swimmers, and the results are discussed in terms of the swimmer's orientation, φ, and dimensionless distance from the wall, d/R. Results are presented for a neutral swimmer (β = 0), a puller with β = 2, and a pusher with β = −2. Although the swimming direction can generally be in the range −π φ π , we only need to consider the range −π/2 φ π/2, owing to the symmetry of the problem. As discussed previously, timeaveraged locomotion in a Newtonian fluid is zero based on The variations of time-averaged longitudinal, transverse, and rotational velocities ( U 2,x , U 2,y , and 2 , respectively) of a neutral squirmer with distance from the wall are shown in Fig. 2 . As depicted, a neutral squirmer always swims towards the wall and has zero time-averaged longitudinal velocity, regardless of its swimming orientation and distance from the wall. The squirmer's rotational velocity depends on its swimming orientation, being negative (positive) for φ > 0 (φ < 0) and vanishing for φ = 0, ± π/2. For a puller or pusher, on the other hand, the distance from the wall is the key factor determining whether the squirmer is attracted to or repelled from the wall. For simplicity, a further reduction in the range of φ values is possible by recognizing that the transverse velocity U 2,y and the rotational velocity 2 for a puller with 0 φ π/2 are the same as the corresponding values for a pusher with −π/2 φ 0, and vice versa. Moreover, the longitudinal velocity U 2,x for a puller with 0 φ π/2 is of equal magnitude, but opposite sign, to that for a pusher with −π/2 φ 0, and vice versa. Therefore, in the following discussion, we restrict our attention to pullers and pushers with swimming orientation 0 φ π/2. Figures 3 and 4 show the effect of the dimensionless distance from the wall (d/R) on the time-averaged locomotion of pushers and pullers, respectively. The dimensionless transverse, longitudinal, and rotational velocities are presented for different swimming orientations. Note that, for each curve, the swimming direction φ is kept constant, and the variations of locomotion velocities with distance from the wall for that given φ are plotted. The results for U 2,y show that there exists a thin layer next to the wall in which both pushers and pullers, regardless of their swimming orientation, are attracted to the wall. We refer to this layer of dimensionless thickness δ a as the "attraction layer."
The size of the attraction layer depends on the swimming orientation, as well as the type of swimmer, as shown in Fig. 5 . When the swimmer orientation is aligned with the wall (φ = 0), the thickness of the attraction layer is the same for pullers and pushers with the same value of |β|. For a pusher, the size of this layer grows slightly as φ increases from zero to π/2. A puller's attraction layer exhibits the opposite trend with φ in that it expands as the puller's orientation becomes more aligned with the wall (i.e., as φ decreases). Thus, as shown in Fig. 5 for pullers and pushers with |β| = 2, a pusher with 0 < φ π/2 has a larger attraction layer than a puller with the same swimming orientation, that is, the pusher will be able to swim towards the wall at a slightly larger distance from the wall. The attraction layer is infinitely thick for neutral squirmers (β = 0), and its thickness decreases and approaches the constant δ a = 1.093 (independent of φ, as shown by the dashed line in Fig. 5 ) as the value of |β| increases to infinity.
The angular velocity of a puller is positive within the puller's attraction layer, which turns the puller's gait counterclockwise toward an orientation perpendicular to the wall as the puller gets closer to the wall. In contrast, a pusher's angular velocity is negative within the pusher's attraction layer, rotating the pusher's gait clockwise as its distance from the wall decreases. In both cases, the squirmer's rotation within the attraction layer d/R < δ a (φ) changes the squirmer's orientation in a way that shrinks the size of the attraction layer; i.e., φ changes such that δ a (φ) decreases for both pullers and pushers. Nevertheless, both pullers and pushers continue to move toward the wall since their negative transverse velocity component overwhelms the small rate of change of δ a with time. As for translation parallel to the wall, the longitudinal component of time-averaged locomotion is always positive (negative) for a pusher (puller) [Figs. 3(b) and 4(b) ]. Outside the attraction layer, the behavior of a squirmer is more interesting. For a pusher, the transverse component of time-averaged velocity is positive everywhere outside the attraction layer for all squirmer orientations [ Fig. 3(c) ]. Therefore, if a pusher is positioned outside the attraction layer associated with its swimming orientation, it continually swims away from the wall. For a puller with φ = 0, on the other hand, the time-averaged transverse velocity U 2,y is positive immediately outside the attraction layer, but eventually changes sign as the dimensionless distance from the wall increases to some value d/R = δ r (φ) > δ a (φ). Note that this behavior is for a given nonzero squirmer orientation φ, meaning that if a puller with φ = φ 1 = 0 is positioned at different distances from the wall, it experiences negative, positive, and again negative values of time-averaged transverse velocity with increasing distance from the wall. This suggests that a puller might get trapped within a region immediately outside the attraction layer. However, the dimensionless distance δ r (φ) (at which a puller's time-averaged transverse velocity changes sign a second time) increases dramatically as the swimming direction becomes more aligned with the wall (i.e., with decreasing values of φ), and becomes infinite for φ = 0 [ Fig. 4(c) ]. At the same time, for φ 0 = π/2, a puller's time-averaged rotational velocity eventually becomes negative as the puller moves away from the wall outside its attraction layer [ Fig. 4(a) ], leading to a clockwise rotation that acts to increasingly align the puller's swimming direction with the wall. As a result, the value of δ r (φ) continually increases (and approaches infinity) as a puller with initial orientation φ 0 = π/2 swims away from the wall outside its attraction layer and rotates in the clockwise direction, such that the puller can never reach a dimensionless distance δ r (φ) from the wall. Even if a puller with initial orientation φ 0 = π/2 is initially located a distance d 0 /R > δ r (φ 0 ) away from the wall so that it initially moves toward the wall outside its attraction layer [ Fig. 4(c) ], the change in its orientation will eventually cause it to continually move away from the wall. Thus, careful inspection of the results in Fig. 4 indicates that only a puller with initial orientation φ 0 = π/2 could get trapped outside its attraction layer, because the puller's time-averaged rotational velocity is zero.
The time-averaged trajectory and the evolution of squirmer orientation are depicted in Figs. 6 and 7 for pushers and pullers, respectively. These results are presented for four different initial orientations φ 0 and three different initial distances from the wall representing the three cases d 0 /R < δ a (φ 0 ), δ a (φ 0 ) < d 0 /R < δ r (φ 0 ), and d 0 /R > δ r (φ 0 ). As expected, both types of swimmers are attracted to the wall for d 0 /R = 1.05 [Figs. 6(a) and 7(a)] which corresponds to an initial squirmer location within the attraction layer in both cases. For d 0 /R = 1.1, the pusher in Fig. 6(b) swims towards the wall for all initial orientations, whereas the swimming behavior of the puller in Fig. 7 (b) depends on φ 0 , i.e., the pusher will be within its attraction layer while the puller may be outside of its own attraction layer. This possibility arises because the pusher has a larger attraction layer than the puller with the same orientation (for 0 < φ π/2), as was discussed earlier. a puller with initial orientation φ 0 = 0 in Fig. 7(b) swims towards the wall because it is within its attraction layer, i.e., δ a > 1.1 for a puller with φ 0 = 0. For φ 0 = π/6, on the other hand, the thickness of the puller's attraction layer is reduced such that δ a < 1.1 < δ r and the initial location of the puller in Fig. 7(b) falls outside the puller's attraction layer. As a result, the puller swims away from the wall, as it rotates clockwise to maintain a positive transverse velocity component that allows it to continue moving away from the wall.
A qualitatively similar behavior is observed for larger values of φ 0 in Fig. 7(b) , with the exception of φ 0 = π/2 for which the puller's rotational velocity vanishes regardless of its distance from the wall. For φ 0 = π/2, the puller swims away from the wall until it reaches a dimensionless distance d/R = δ r (π/2) 1.57 from the wall. At that point, the puller's time-averaged transverse velocity vanishes, and because the puller has zero time-averaged rotational velocity, it cannot reorient itself to move normal to the wall. Thus, the puller remains trapped at a distance d/R = δ r (π/2) from the wall.
A trapping trajectory is also experienced by a puller with φ 0 = π/2 initially positioned a distance d 0 /R > δ r (π/2) from the wall [ Fig. 7(c) ]. In that case, the puller swims toward the wall until it reaches the distance d/R = δ r (π/2) at which it is trapped because it cannot reorient itself. When a puller with φ 0 < π/2 is initially located a distance d 0 /R > δ r (φ 0 ) away from the wall, it initially moves toward the wall while rotating in the clockwise direction [ Fig. 7(c) ]. As the puller becomes more aligned with the wall, its time-averaged transverse velocity approaches zero and eventually vanishes when the puller is a distance δ r (φ) away from the wall. Since the puller is still rotating in the clockwise direction when its transverse velocity vanishes, the change in its orientation to smaller φ causes it to attain a positive time-averaged transverse velocity component which remains positive beyond that point due to the continual clockwise rotation of the puller to smaller values of φ. Hence, the puller's clockwise rotation causes its time-averaged transverse velocity to change sign, allowing the puller to escape from the wall after initially approaching it [ Fig. 7(c) ]. As the puller's distance from the wall increases, its time-averaged rotational velocity asymptotically approaches zero. Other initial orientations of both pullers and pushers result in the squirmers swimming away from the wall if they are initially placed outside the attraction layer.
V. CONCLUDING REMARKS
Using a perturbation analysis based on small amplitude time-reversible tangential body motion of a two-dimensional "squirmer" near a no-slip surface, we found that the leadingorder solution for the time-averaged propulsion kinematics of the squirmer in a viscoelastic fluid is the same as that in a Newtonian fluid. Based on Purcell's theorem, the timeaveraged propulsion is zero to leading order, and timeaveraged locomotion occurs at O( 2 ). The results for the kinematics of time-averaged locomotion show that a neutral swimmer always swims towards the wall regardless of its initial orientation and distance from the wall. Pullers and pushers both swim toward the wall if they are initially located in a layer sufficiently close to the wall. Outside of this "attraction layer," pullers and pushers both eventually move away from the wall, and continue to move away from the wall indefinitely, with the exception of pullers initially oriented perpendicular to the wall, which could get trapped at a distance from the wall. Time-averaged locomotion in an Oldroyd-B fluid is found to be most pronounced for De = 1. It is worth noting that the existence of an attraction layer in the 2D problem does not necessarily extend to the 3D case since there may be substantial differences between the near-field fluid dynamics of cylindrical and spherical swimmers near a no-slip boundary. 
APPENDIX: STOKES FLOW AROUND A SQUIRMER NEAR A NO-SLIP BOUNDARY
Here, we present the Stokes flow field for a self-propelled two-dimensional squirmer of radius R whose center is a distance d from a no-slip surface. The schematic of the problem 
where h = (cosh η − cos ξ )/κR is the scale factor and κ 2 = (d/R) 2 − 1. The surface of the cylindrical swimmer can be described by η = η 1 = sinh −1 κ in bipolar coordinates. Therefore, the stream function satisfying the no-flow condition at infinity can be written aŝ
where all constants are complex, extracts the real part, and χ n are defined aŝ . The coefficients in Eq. (A3) can be found by applying the boundary conditions and requiring the swimmer to propel force-free and torque-free. The analysis is similar to that of Jeffrey and Onishi [25] , with the exception of the no-slip boundary condition at the surface of the cylinder, which is replaced with Eq. (4). The latter can be expressed in bipolar coordinates aŝ The required value for N increases as the squirmer gets closer to the wall. Figure 8 shows the computed streamlines for a puller (β = 4), a pusher (β = −4), and a neutral swimmer (β = 0), all with orientation of φ = π/6 and distance of d/R = 4 away from the wall. A value of N = 10 was sufficient to compute the stream functions to within an error of less than 10 −9 in this case. As shown in Fig. 8 , a puller propels its body by bringing the fluid from its front and back and expelling it from its side, whereas a pusher acts in the opposite manner by bringing the fluid from its side and expelling it ahead and behind its body. A puller and a pusher with the same |β| and distance from the wall generate reverse flow fields if their orientation difference is π .
